Introduction
Monitoring maritime activities are of major interest in a variety of applications, ranging from port protection to prevention of smuggling and trafficking. We address the problem of localizing and tracking multiple vessels from their radiated acoustic noise by using an array of hydrophones in passive mode, i.e., the absolute time of signal transmission as well as the vessels' acoustic signatures are unknown. It is assumed that the radiated noise is continuous. The proposed approach uses Time-Difference of Arrival (TDOA) information 1 related to peaks in the cross-correlation function of multiple spatially separated hydrophones. TDOA-based localization has wide applications in passive surveillance systems [2] [3] [4] [5] and is potentially more accurate compared to triangulation approaches. Figure 1 shows the hyperbolic TDOA location information in a three-dimensional (3 D) scenario provided by a synchronized cooperative hydrophone pair. Hyperbolic TDOA location information related to different hydrophone pairs is expected to intersect in the vicinity of true vessel locations. Localization of multiple vessels is complicated by data association uncertainty, i.e., it is not known which TDOA measurement is associated to a specific vessel. In addition, due to fading in the propagation path, the signal of certain vessels might be missing at some hydrophones or false TDOA measurements which are not related to a vessel might be erroneously extracted. These two effects are typically referred to as missed detection and clutter, respectively. Due to these effects, the number of extracted TDOA measurements might be different among hydrophone pairs and the number of vessels to be localized is unknown. Traditional methods for TDOA-based localization (see Refs. 1, 5-7, and references therein) typically assume a single vessel and do not consider missed detections and clutter. Note that if the hydrophones form an array, for geometrical reasons, only vessels which are not significantly more distant to the array than typical array dimensions can be localized, as for distant vessels the array can provide only bearing information. 6 In this paper, we state the Bayesian estimation problem for the TDOA-based localization and tracking of an unknown number of vessels. Based on recently introduced framework for graph-based multi-object tracking, 8, 9 we establish a particle-based localization and tracking algorithm that overcomes the challenges related to the highly non-linear TDOA measurement model, the data association uncertainty, and the uncertainty in the number of vessels. A preliminary version of the proposed approach that is limited to a two-dimensional (2D) static scenario has been presented in Ref. 10 . The proposed approach is evaluated by using measurement data from an experiment, where a compact 3 D hydrophone array is used as a payload on a covert longendurance autonomous vehicle. Our results confirm that even in the presence of missed detections and false alarms, the existence of dynamic surface vessels can be determined and their location can be tracked.
System model
Consider the localization and tracking of an unknown number of passive, also referred to as targets, vessels using n r perfectly synchronized hydrophones. We denote by p 
where c is the sound speed and r ðmÞ t;kl is the measurement noise which is zero-mean Gaussian with variance r 2 r and statistically independent across m and (k, l) pairs. The dependence of a measured TDOA z ðmÞ t;kl on the location p ð jÞ t of the generating target j is described by the likelihood function f ðz ðmÞ t;kl j p ð jÞ t Þ that can be directly obtained from Eq. (1). The number of clutter measurements is modeled as Poisson distributed with mean l c , clutter measurements are assumed independent and identically distributed (iid) with probability density function (pdf) f c ðz ðmÞ t;kl Þ, the probability that an existing target is detected is denoted p D . For future reference, we introduce the joint vector of all measurements z t;kl ¢½z ð1Þ t;k l Á Á Á z ðn t;kl Þ t;k l T extracted at time t and hydrophone pair (k, l). For hydrophone pair (k, l) located at q
Let z ðmÞ t;kl be a measured TDOA according to Eq. (2) and let us neglect its unknown noise realization, i.e., r t;kl ¼ 0. After some algebra, Eq. (2) can be written in the form of a hyperboloid as
Thus, the target is located on the upper-surface of the two-surface hyperboloid, which is defined by p We consider a hybrid 2D/3D scenario, where measurements from an underwater hydrophone array are used for the tracking of multiple targets that move on the water surface. The state of target j at time t is denoted by x ð jÞ t and consists of its 2D position and its 2D velocity, i.e., x 
Problem formulation and graph-based inference
We consider the problem of detecting PTs j 2 f1; …; j t g (i.e., their binary target existence variables r ð jÞ t ) and estimating their states x ð jÞ t from the past and present measurements of sensors s 2 f1; …; n s g, i.e., from the joint measurement vector z. In a Bayesian setting, detection and estimation is based on the marginal posterior existence probabilities pðr 
The marginal posterior pdf pðr ð jÞ t ¼ 1jzÞ can be obtained from the marginal posterior pdf of the augmented target state, f ðy
TDOA measurement extraction
We consider a compact, irregular eight-hydrophone volumetric array 13 that has a maximum physical aperture on the order of 600 mm. The block-diagram of the full signal and data processing chain used to extract TDOA measurements from the acoustic data and estimate vessel tracks is presented in Fig. 2 . We used n s ¼ 6 hydrophone pairs as sensors for the proposed algorithm. For each of these hydrophone pairs, signals with a duration of a few tens of milliseconds were used to calculate the generalized cross-correlation function following the Smoothed COherent Transform approach. 14 Then, a simple energy detector 15 is applied to the time average of the generalized cross-correlation functions for each hydrophone pair (k, l) over each second of data, in order to extract a set of TDOA measurements z ðmÞ t;kl using a threshold that is adaptive to the background noise level.
Experimental trial and results
The selection of results presented here comes from an experiment conducted at sea in the Gulf of La Spezia, Italy, in a shallow-water, littoral area. In our experiment, the array was towed by a WaveGlider manufactured by Liquid Robotics Inc. The WaveGlider was equipped with a general positioning system (GPS) receiver in order to determine the position of its surf platform. The array orientation and depth were determined by an Inertial Measurement Unit and a depth sensor. A small fast motorboat crossing the surrounding area served as the main target. This target was equipped with a GPS receiver in order to record its trajectory as a ground truth. In the selected data set, a second motorboat that was drifting roughly 700 m south-east of the WaveGlider was also measured by the hydrophone array. Unfortunately, for this second vessel, accurate ground truth information is not available.
For the presented results we processed 100 s of data resulting in 100 time steps. Figure 3 shows the resulting cross-correlogram and the extracted TDOA measurements z ðmÞ t;kl . Here, for each time step the cross-correlation function was normalized to the maximum absolute value. In our tracking algorithm, we used a measurement noise standard deviation of r r ¼ 10 À5 . Note that the measurement noise depends on the power and the bandwidth of the received signal. Furthermore, we set the expected number of clutter measurements to l c ¼ 1 and the probability of detection to p D ¼ 0:8. The clutter pdf f c ðz ðmÞ t;kl Þ at hydrophone pair (k, l) is uniform on ½Àð1=cÞjjq ðkÞ t À q ðlÞ t jj; ð1=cÞjjq ðkÞ t À q ðlÞ t jj. The speed of sound is set to v ¼ 1508. Furthermore, we used a constant velocity motion model where we set the variance of the driving noise to 16 the birth probability to p b ¼ 0:01, and the survival probability to p su ¼ 1 À 10 À7 . The number of particles was set as L ¼ 10 4 . Note that this high survival probability is necessary to compensate for the bursts of missed detections in the measurement data (see Fig. 3 ). The reference frame for this processing of measurement data is chosen to be the initial position of the WaveGlider at time t ¼ 1 and p t;z ¼ 0 corresponds to the water surface, i.e., zero depth. The depth of the hydrophone array is approximately 5 m. Figure 4 shows the output tracks estimated by the Bayesian tracking algorithm and root-mean square error (RMSE) related to the track of the main target. The main target is close to the hydrophone array and can thus be reliably tracked. The second target can only be approximately localized, since due to its distance from the array, its uncertainty in range is very large.
Conclusions
We have presented a Bayesian algorithm for localizing and tracking an unknown number of passively radiating vessels based on TDOA measurements. In a 2D tracking scenario, where a compact array is under water and surface vessels are considered, the localization accuracy in range, i.e., distance from the array, critically depends on the array depth and the distance of the vessel. These limitations are due both to physical constraints such as the limited bandwidth of the acoustic signals and the compact size of the array, but are not related to the proposed algorithm. A possible direction for further research is to use arrays of vectors sensors instead of hydrophones. Such arrays would be suitable for tracking underwater targets which emit low-frequency acoustic noise.
